Abstract: Two-dimensional (2-D) photo-count mapping on CMOS single photon avalanche diodes (SPADs) has been demonstrated. Together with the varied incident wavelengths, the depth-dependent electric field distribution in active region has been investigated on two SPADs with different structures. Clear but different non-uniformity of photo-response have been observed for the two studied devices. With the help of simulation tool, the non-uniform photo-counts arising from the electric field nonuniformity have been well explained. As the quasi-3D distribution of electric field in the active region can be mapped, our method is useful for engineering the device structure to improve the photo-response of SPADs. 
Introduction
In Geiger mode operation, single-photon avalanche diodes (SPADs) exhibit higher sensitivity while its excellent timing resolution is comparable with the photomultiplier tubes (PMTs) [1] . Unlike bulky PMTs operated at very high voltage, semiconductor-based SPADs are operated at much lower voltage, of small volume, and easily integrated with control and sensing circuit [2, 3] . Recently, circuit-integrated SPADs fabricated with CMOS technology have been successfully implemented in many applications such as the 3-D imaging [4] , range finding [5] , integrating receiver for optical communications [6] , fluorescence lifetime image microscopy (FLIM) [7] , and positron emission tomography (PET) [8, 9] . The advantage of SPADs over other conventional photodiodes is its capability of counting single photons. The photon detection efficiency (PDE), defined as the ratio between the numbers of detected photons and of incident photons, is governed by the product of photon absorption probability and avalanche trigger probability. By applying higher excess bias on a SPAD, one can increase the electric field as well as the trigger probability so its PDE can be enhanced. At the same time, the buildup time of avalanche could be reduced and resulting a smaller jitter [10] . Therefore, in practice, SPADs operated at high excess bias are desired as long as their dark count rates (DCRs) are acceptable. High excess bias could effectively boost the device performance when the build-up electric field is uniform over the active region because the uniformity is important for obtaining a reliable result in the applications of weak light detection and timing resolution. For example, when photons arrive at different positions of the active region, the non-uniform response time due to electric field distribution would cause inconsistent results and worsen the timing jitter.
Few works addressed the issue previously. The non-uniformity in PDE between multipixels of CMOS-SPAD array has been reported [11] . Due to the variation of the breakdown voltage from pixel to pixel, the PDE appears to be non-uniform between pixels. This appeared a serious problem in multi-pixels' applications, such as weak light imaging and recognition systems [12, 13] . Within a single device, the uniformity of electric field distribution has been studied on InGaAs/InP SPADs by using 2-D mapping of photon counts [14, 15] . For siliconbased CMOS-SPADs, previous work used the charge-coupled-device (CCD) camera to take their breakdown flash image. The breakdown flash arising from the impact ionization could indicate the electric field distribution [16, 17] through the field dependence of ionization rate. The method has two problems. First, the physical mechanism involved in the photon-induced breakdown is different from that in the breakdown flash so the breakdown flash distribution is not a direct evaluation of photo-response non-uniformity. Second, since the breakdown-flash method collected the photons from every depth in the device together, it cannot resolve the depth distribution of electric field.
In this paper, we study the wavelength-dependent 2-D mapping of photon counts for two different CMOS-SPADs at various excess biases. The first SPAD with the guard-ring structure shows uniform distribution of photon counts at its central region but the guard-ring degrades the photon detection capability around the edge. The second SPAD exhibits nonuniform photon-count distribution at high excess bias but it is wavelength-dependent. Nonuniformity becomes clearer for the shorter incident wavelength. Since the absorption length of photons increases with increasing wavelengths, the wavelength-dependent photon-count distribution could be attributed to the depth-dependent electric field. In addition, the breakdown flash image and device simulation have also been implemented to compare with the results of 2-D photo-count mapping.
Measurement and device characteristics

Device structure and dark characteristics
Two different structures of SPADs, denoted as S1 and S2, are fabricated by TSMC 0.25 μm high voltage CMOS process as shown in Figs. 1(a) and 1(b), respectively. The active region of S1 consists of P+/HVNW (high-voltage n-well) with LVPW (low-voltage p-well) guard ring to prevent the corner breakdown [18] . The deep p-n junction in S2 is formed by HVPW/NBL (high-voltage p-well/n buried layer) which is a virtual guard-ring structure [19, 20] . The layouts and photo images of the devices are shown in Figs. 1(c) and 1(d). By using a semiconductor parameter analyzer (HP 4145B), we measured the I-V characteristics and the breakdown voltage of the devices. The DCR measurement used a passive quenching circuit consisting of a 430-kΩ resistor in series with anode of SPADs to quench the avalanche current. A 50Ω resistor is used for impedance match with the counter in series with cathode of SPADs. The avalanche current was sensed through an ac coupled capacitor (10 nF) and the signal was amplified by a photon counting unit (C9744) and then counted by a dual channel counter (SR 400). The shallow-junction structure S1 has a breakdown voltage V bd of 23 V and its DCR is about 110 kHz at 10% excess bias V e that is defined as V e = (V bias -V bd ) / V bd . The other structure S2 has a deep junction and a breakdown voltage of about 75 V and its DCR is about 400 Hz at 10% excess bias V e . The bias-dependent DCRs of the two devices are shown in Fig. 2(a) . The huge difference of DCRs between the two kinds of devices has been discussed previously [19] . In addition, by investigating the DCRs on 20 chips, we illustrated the distribution of DCRs in Fig. 2 (b) for S1 and in Fig. 2 (c) for S2. Usually, the devices with smaller active area exhibit lower DCRs but the DCRs uniformity degrades due to the defect density fluctuation in CMOS process [21, 22] . For our devices S1 and S2, the smaller devices show larger device-to-device variations in the DCRs. The 20-μm S2 device has the best uniformity as shown in Fig. 2(c) . The low value and small device-to-device variations in the DCRs could be because of the active region of structure S2 is distant from the defects near the surface. Comparing with that in previous works [7, [22] [23] [24] , our results show highly uniform DCRs distribution, which is a merit for array applications. 
Photon detection characteristics
The photo-response experiments under the condition of low after-pulsing probability (< 2%) are implemented by using a passive quenching circuit with 430 kΩ resistors. The system for 2-D photo-count mapping and PDE measurement is schematically illustrated in Fig. 3 . To characterize the PDE of our SPADs, white light from a 1000 W halogen source was dispersed by a monochromator, coupled into a fiber, and then transmitted into a microscope in the dark box. The shutter in front of the monochromator (not shown) can be automatically turned on and off so the light and dark counts can be taken under the almost same condition. A polkadot beam-splitter separates the incident photons into two beams, one for the real-time monitoring photodiode (Thorlabs, FDS100-CAL) and the other one for the SPADs under test. With a zero-aperture iris on the microscope and 100X near-infrared objective lens, the spot size can be less than 1 μm for 2-D photo-count mapping or around the respective diameters of the SPADs for PDE measurement. To perform 2-D mapping of photon counts, a highprecision stage driven by two computer-controlled actuators (Thorlabs Z825B) is placed under the objective lens. Note that, for 2-D mapping, the incident photon flux is about the same for all wavelengths to avoid any power-dependent effect. The bias-and wavelength-dependent PDE of two devices are plotted in Fig. 4 . Clear oscillations in PDE spectra due to the passivation layers in CMOS process are observed for both structures. The PDE of device S2 is about 25% which is much higher than that of S1 due to a thicker depletion region formed by the lightly-doped junction. The PDE of device S1 could be improved by simply removing the passivation layer and by depositing the antireflection layers on the device surface, which is available in CMOS image-sensor technology [25] . Fig. 4 . PDE spectra of (a) device S1 and (b) device S2 at various excess biases.
In Fig. 5 , the 2-D photo-count mappings on device S1 of 24-μm diameter at various wavelengths and bias voltages are shown. Two clear regions with high (red) and low (green) photo-counts are spotted and they are nearly the same at all wavelength and biases. The ringshape outer region of low photo-counts arises from the junction depletion between the LVPW guard ring and HVNW layer as the photo-generated carriers cannot trigger the avalanche breakdown [25] . The circular-like high photo-counts region at the center is about 8 -12 μm in diameter so the one-side depletion width is about 6 -8 μm. This large depletion width is problematic when one would like to shrink the device size for array applications. Nevertheless, the high photo-count region exhibits a pretty uniform distribution at nearly all wavelengths and biases. In Fig. 6 , for the deep-junction device S2, the 2-D mapping of photocounts exhibits quite differently. Aside from the outer ring of low photo-counts (green), which could be caused by either the depletion at HVPW/HVNW junction or by the presence of STI layer near the surface, the center region also shows a bias-and wavelength-dependent non-uniformity. The non-uniform distribution of photo-counts becomes more significant at shorter wavelength and higher excess bias. This will be discussed in detail in the simulation section later. Note that, by summing up the photo-counts at every point, we have confirmed that the total counts show a similar trend with the PDE spectra plotted in Fig. 4 . It is clear that, through our 2-D photo-count mapping at various wavelengths, we can reveal the photon response of the SPADs with high-spatial resolution and, more interestingly, the depth-dependent electric field distribution. Because the absorption length of photons increases with increasing wavelengths, the generation of photo-carriers concentrates only in a shallow region for short-wavelength incidence [27] . This could quantitatively tell the electric field distribution in depth. Together with the 2-D mapping of photo-counts, a quasi-3D distribution of electric field in SPADs could be investigated. Actually, this has been clearly demonstrated in the row with a fixed excess bias (for example, V e = 9%) in Fig. 6 . The centered non-uniformity of photo-counts distribution decreases with the increasing wavelengths, indicating that the non-uniformity of electric field is more serious at the shallower region. Additionally, at a fixed wavelength (for example, λ = 750 nm) in Fig. 6 , the non-uniformity of photo-counts increases with the increasing bias voltages, as expected.
Breakdown flash image
It has been known for long that, when a p-n junction is reversely biased above the breakdown voltage, it emits photons of a broad and continuous energy during the avalanche process [28] . By capturing the emission image, one can therefore reveal the electric field distribution and defect locations in devices, such as MOSFET [29] , solar cell [30] and SPADs [16, 17] . However, in the measurement of breakdown flash from SPADs, as the photons emitted from all the depths are collected together, the depth-dependent information is missed. Even worse, defects in the active region could induce a localized breakdown and give rise to a brighter flash, which would overshadow the actual electric-field distribution [31] . We performed the breakdown flash measurement for two reasons here. The first one is to compare the two methods of the 2-D photo-count mapping and the breakdown flash image. The other one is to verify that the centered non-uniform photo-count distribution originates from the electric field distribution. The breakdown flash image is captured with a liquid nitrogen cooled CCD mounted on a spectrometer at undispersed grating angle. The passive quenching circuit with a small resistor of 100 kΩ is used to obtain a clear image of the breakdown flash.
In Fig. 7(a) , the photo picture (the first one on the left, denoted as Light) and breakdown flash images of device S1 biased at V e = 9%, 17%, and 26% are shown. Clearly, the breakdown flash is mainly emitted from the two locations in the active region. The locations with bright flash vary from chip to chip so it could be caused by the randomly localized defects rather than by the non-uniform electric field. The breakdown flash image of device S2 in Fig. 7 (b) exhibit a very different pattern from that of device S1. A large bright region around the center of the device is spotted. This pattern appears in almost all devices S2 under test so it could arise from the electric field distribution in the active region. However, comparing with the 2-D photo-count mapping in Fig. 6 , the centered non-uniformity of photo-counts is not resolvable in the breakdown flash image. We reckon that, because the breakdown flash collected the photons from all depth, the centered non-uniformity were smeared out. It is similar to that we sum up the 2-D photo-count mappings at all wavelengths and at a fixed bias in Fig. 6 . In addition, a brighter ring-shape region is observed around the active region in Fig. 7(b) . This ring-shape region corresponds to the STI layer, which reduces the absorption of breakdown flash by silicon layer so a brighter ring image emerges.
Simulations and discussions
Electric field distribution
We have simulated the electric field distribution in both structures with Synopsys Sentaurus TCAD 2013. The simulated structures are identical to those in Figs. 1(a) and 1(b) with a Gaussian doping profile created by the structure editor tool [32] . The simulated I-V curves of devices S1 and S2, together with the measured ones, are shown in Fig. 8 . The breakdown voltage V bd is well fitted by properly choosing the doping concentrations of each layer. The difference between the simulated and experimental dark currents below V bd is clearly because the simulated structure did not include the parasitic leakage paths such as CMOS dielectric stack, surface generation and deep level traps [21] . In Fig. 9 , the calculated electric field and impact ionization distributions at V e = 0%, that is, at the breakdown voltage, for both devices are illustrated. Comparing the electric field distributions in Figs. 9(a) and 9(c) , the depletion width in device S2 is thicker than that in device S1 due to its lower doping concentration. As a result, device S2 has a higher breakdown voltage and a higher PDE. It is also clear in Fig. 9 that the electric field and impact ionization rate distributions in device S1 are more uniform comparing with those in device S2. As shown in Fig. 9(c) , the impact ionization rate in center region of device S1 is higher, which is consistent with our observation in the 2-D photoncount mapping in Fig. 5 . On the other hand, interestingly, the impact ionization rate distribution in device S2 (see Fig. 9 (d)) shows two hot spots at the HVPW-NBL junction under the interface of P+/STI. These spots have relatively high impact ionization rate due to the slightly high electric field there (see Fig. 9(b) ). These two hot spots could correspond to the ring shape observed in Fig. 6 as our simulation is two dimensional. Because the ring shape region in Fig. 6 is wavelength-and voltage-dependent. We have to perform the biasdependent simulation as follows. To simulate the electric field distribution above breakdown voltage, we take off the avalanche impact-ionization generation in the simulation tool. This is physically valid for SPADs as it is actually one of the bi-stable states when there is no dark count or photon count and hence no carrier exists in the active region [21] . In Fig. 10 , the electric fields at various depths for two devices at various excess biases are plotted against the lateral positions. Note that, for clarity, the depths measured from the junction are denoted as J + d, where d = 0 to + 0.2 μm for device S1 and d = 0 to −1.0 μm for device S2. One can clearly see a uniform electric field distribution at all depths and all biases for device S1 in Figs. 10(a) and 10(b) . In contrast, device S2 exhibits a highly depth-and bias-dependent distribution of electric field, as seen in Figs. 10(c) and 10(d) . This non-uniformity in electric field distribution becomes more significant at shallower depths and at higher excess biases, which is consistent with the 2-D mappings in Fig. 6 . Therefore, we confirm that the ring shape in 2-D photo-count mappings arises from the non-uniform 3-D electric field distribution in the device S2. This non-uniformity could be caused by the lateral junction of HVNW/HVPW and by the ncontact location but further investigations are needed to clarify this issue. Fig. 9 . Simulated electric field and impact ionization distributions for device S1, (a) and (c), and for device S2, (b) and (d), respectively, at breakdown voltage. Fig. 10 . Simulated electric field strength along lateral direction of device S1, (a) and (b), and device S2 (c) and (d). The depth-dependent curves in (a) and (c) are obtained with V e = 7% for S1and V e = 14% for S2, respectively.
Guard-ring depletion
Our method of 2-D photo-count mapping is useful for characterize the photo-response of SPADs. As an example, we have also studied the devices S1 with various diameters. For device S1, which shows a more uniform electric field distribution, its active area is restricted by the lateral depletion from the guard-ring. The 2-D mappings of photon-counts and the PDE measurement for the devices of 6, 9, 18, and 24 μm diameters are shown in Figs. 11(a) and 11(b). In Fig. 11(a) , the centered sensing area in 9-μm device becomes extremely small (< 5 μm). This is also revealed with the PDE measurement shown in Fig. 11(b) . The devices with 24 and 18 μm show almost the same PDE but the PDEs decreases dramatically for 9 and 6 μm devices. It consists with the fact that the guard-ring structure could be a problem as the device size becomes small [26] . Fig. 11. (a) 2-D mapping of photo-counts for devices S1 of diameter 24, 18, and 9 μm at V e = 9% for the incident wavelength of 550 nm. The active breakdown region is enclosed with black dashed circle. (b) PDE spectra for devices S1 of diameter 24, 18, 9, and 6 μm at V e = 9%.
We further calculate the inactive distance of device S1 and device S2 by following the method proposed in [16] . The estimated inactive distance of device S1 is about 2 μm at V e = 5% for the incident light of 520 nm wavelength and decreases with excess bias. This result accords with the measurement of 2-D photo-count mapping and evidences that the lower detection efficiency of 9 and 6 μm devices results from the greater part of inactive area. The estimated inactive distance of device S2 is approximately 2.3 μm and remains almost constant for any excess bias. The width of inactive area consists with the TCAD simulations and the measurements.
Conclusion
We have presented a method of 2-D photo-count mapping on Si-based SPADs. The method can be used to examine the 3-D electric field uniformity in the device by varying the incident wavelengths. A comprehensive study on two structures demonstrates how the electric field distribution affects the photo-response characteristic. It is evident that, by combining with the simulation tool, the 2-D photo-count mapping could provide a guide to improve device sensitivity with proper structure engineering, which is crucial for various applications on weak light detection.
